
Neutrino Theory
at Fermilab

• Scientists:   Boris Kayser, Stephen Parke,  Chris Quigg

• Post Doc:   Mu-Chen Chen, Olga Mena

• Users:        Andre de Gouvea and Carl Albright

DOE Review
May 2006



Nu Research Papers:
Neutrino Coannihilation on Dark-Matter Relics?
Gabriela Barenboim (Valencia U.) ,  Olga Mena Requejo, Chris Quigg (Fermilab) . FERMILAB-PUB-06-050-T, 
Apr 2006. 5pp. 
e-Print Archive: astro-ph/0604215 

What fraction of boron-8 solar neutrinos arrive at the earth as a nu(2) mass eigenstate?
Hiroshi Nunokawa (Rio de Janeiro, Pont. U. Catol.) ,  Stephen J. Parke (Fermilab) ,  Renata Zukanovich 
Funchal (Sao Paulo U.) . FERMILAB-PUB-05-049-T, Jan 2006. 23pp. 
Dedicated to the memory of John Bahcall who championed solar neutrinos for many lonely years. 
e-Print Archive: hep-ph/0601198 
 
Super-NOnuA: A Long-baseline neutrino experiment with two off-axis detectors.
Olga Mena Requejo (Fermilab) ,  Sergio Palomares-Ruiz (Vanderbilt U.) ,  Silvia Pascoli (CERN) . CERN-PH-
TH-2005-050, FERMILAB-PUB-05-050-T, Apr 2005. 17pp. 
 Published in Phys.Rev.D72:053002,2005 
e-Print Archive: hep-ph/0504015 

Determining the neutrino mass hierarchy and CP violation in NoVA with a second off-axis detector.
Olga Mena (Fermilab) ,  Sergio Palomares-Ruiz (Vanderbilt U.) ,  Silvia Pascoli (CERN & Durham U., IPPP) . 
CERN-PH-TH-2005-195, IPPP-05-63, DCPT-05-126, FERMILAB-PUB-05-461-T, Oct 2005. 20pp. 
 Published in Phys.Rev.D73:073007,2006 
e-Print Archive: hep-ph/0510182 

 Physics potential of the Fermilab NuMI beamline.
Olga Mena, Stephen J. Parke (Fermilab) .
 FERMILAB-PUB-05-196-T, May 2005. 22pp. 
 Published in Phys.Rev.D72:053003,2005 
e-Print Archive: hep-ph/0505202

Theory of neutrinos: A White paper.
R.N. Mohapatra et al. FERMILAB-TM-2342-T, SLAC-PUB-11622, Oct 2005. 143pp. 
e-Print Archive: hep-ph/0510213 

 Neutrino physics.
Boris Kayser (Fermilab) . SSI-2004-L004, FERMILAB-PUB-05-236-T, Jun 2005. 21pp. 
Lectures given at 32nd SLAC Summer Institute on Particle Physics (SSI 2004): Natures Greatest Puzzles, 
Menlo Park, California, 2-13 Aug 2004. 
 Published in eConf C040802:L004,2004 
e-Print Archive: hep-ph/0506165 



Conference Proceedings:
many ...

Academic Lectures:
Boris Kayser (4) and Stephen Parke (4)

FNAL Experiments:
MINOS,  mini-BOONE

NOvA

Committees:
Kayser; APS(hep/nucl), NuSAG, Fermilab PAC, P5

Studies:
Proton Driver: Parke and Mena



Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

Hierarchy Determination:
Counting Expts at First Osc. Max.

• Neutrino v Anti-Neutrino NOvA Expt.

• Neutrino v Neutrino Two Expts  Different L’s  and 
EQUAL  E/L’s:  NOvA+T2K

• Neutrino v Anti-Neutrino Two Expts Different L’s: 
NOvA+T2K

Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA



FIG. 6: Sensitivity to the sign(∆m2
31)-extraction at the 95% CL within the three reference setups

explored in the present study. The labels L, M and S correspond to the Large, Medium and

Small experimental setups explored in this study, respectively. The dashed black curve is obtained

from Eq. (7) setting 〈sin δ〉− = −1 (〈sin δ〉+ = +1) for the normal (inverted) hierarchy. This is the

bound that would be obtained with infinite statistics and in the absence of backgrounds.

are obviously crucial to resolve the hierarchy of the neutrino mass spectrum9. The sensitivity

to the measurement of the sign of the atmospheric mass difference is expected to be better

when the sign of sin δ is negative: in the case of the Medium experimental setup, the

sensitivity to the sign (∆m2
31)-extraction is lost for positive values of sin δ. We show as well

in Fig. (6) the theoretical limit on the sign(∆m2
31)-extraction, which acts as a rigorous upper

bound on the experimental sensitivity curves. A possible way to resolve the fake solutions

associated to the sign of the atmospheric mass difference would be to combine the data from

the proposed NuMI 10 km off-axis and T2K experiments [20, 25]. The complementarity of

the NuMI and T2K experiments can be explicitly shown by exploiting the identity given in

9 Recently, new approaches for determining the type of hierarchy have been proposed [28] by exploiting other

neutrino oscillations channels, such as muon neutrino disappearance, and require very precise neutrino

oscillation measurements.
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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For an early determination of the
Neutrino Mass Hierarchy,

NOvA 

is an Essential Ingredient.
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What Fraction of 8Boron Solar Neutrinos

arrive at the Earth as a ν2 mass eigenstate?1

Stephen Parke, Fermilab
with Hiroshi Nunokawa

and Renata Zukanovich Funchal
hep-ph/0510xxx

• 2 Neutrino Analysis - sin2 θ! and δm2!

• 3 Neutrino Analysis - sin2 θ12 and δm2
21
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1Dedicated to the memory of John Bahcall
who championed solar neutrinos for many lonely years.
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These are ν2 Neutrinos !!!
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SK

V. SUMMARY AND CONCLUSIONS

We have performed an extensive analysis of the mass eigenstate fractions of 8B solar

neutrinos using only two mass eigenstates (sin2 θ13 = 0) and with three mass eigenstates

(sin2 θ13 != 0). In the two neutrino analysis the ν2-fraction is 91 ± 2%. The remaining 9 ∓
2% is, of course, in the ν1 mass eigenstate. With these fractions in hand, which are primarily

determined by the solar δm2 measured by the KamLAND experiment, the sine squared of

the solar mixing angle is simply related to CC/NC ratio measured by the SNO experiment.

For completeness the mass eigenstate fractions for 7Be and pp are also given.

Allowing for small but non-zero sin2 θ13, in a full three neutrino analysis, we found very

little change in the fraction of ν1’s. This implies, since the ν3 fraction is sin2 θ13, that the ν2

fraction is reduced by sin2 θ13. That is, the ν2-fraction is

91 ± 2− 100 sin2 θ13 % at the 95% CL. (50)

Since the CHOOZ experiment constrains the value of sin2 θ13 < 0.04 at the 90% CL this

places a lower bound on the ν2 fraction of 8B solar neutrinos in the mid-eighty percent range

making the 8B solar neutrinos the purest mass eigenstate neutrino beam known so far, and

it is a ν2 beam!

As an example of the use of these mass eigenstate fractions, we have shown that for the

8B neutrinos observed by the SNO experiment, the Ue2-element of the MNS matrix is given

by

|Ue2|2 ≈ sin2 θ
8B
! + (0.53+0.06

−0.04) sin2 θ13. (51)

Where sin2 θ
8B
! is the sine squared of the solar mixing angle determined by using a two

neutrino analysis of the 8B neutrinos plus KamLAND. An analysis for this sin2 θ
8B
! obtained

from the SK, SNO and KamLAND data [31] gives sin2 θ
8B
! = 0.30+0.11

−0.08 at the 95% CL. With

the data currently available this is our best estimate of |Ue2|2 and is the most accurately

known MNS matrix element.

Finally, we have also demonstrated the possibility of probing the solar interior by 8B

neutrinos. We have derived a lower bound on the average electron number density over the

region where the solar 8B neutrinos are produced which is 50% of the Standard Solar model

value.

18

matter potential A which is reduced to A cos2 θ13 raising the fraction F1 and third is the

value of sin2 θ12 which changes to hold the CC/NC ratio fixed. By coincidence the sum

of these effects approximately cancel at the current best fit values and the fraction of ν1

remains approximately unchanged as sin2 θ13 gets larger. This implies that the fraction of

ν2 is reduced by ∼ sin2 θ13 since the sum of F1 + F2 is simply cos2 θ13, thus

F1 ≈ f1 = 0.09∓ 0.02, (33)

F2 = f2 − sin2 θ13 ≈ 0.91± 0.02− sin2 θ13, (34)

F3 = sin2 θ13. (35)

Remember fi and Fi are the fractions of the i-th mass eigenstate in the two and three

neutrino analysis, respectively. The uncertainty comes primarily from the uncertainty in

δm2
! measured by KamLAND.

As a use of these fractions one can for example evaluate the MNS matrix element, |Ue2|2 =

cos2 θ13 sin2 θ12, by rewriting Eq. (27) as

|Ue2|2 = cos2 θ13 sin2 θ12 =
(CC

NC − cos2 θ13F1)

(cos2 θ13 − 2F1)
, (36)

where terms of O(sin4 θ13) have been dropped. Performing a Taylor series expansion about

sin2 θ13 = 0, we find

|Ue2|2 = sin2 θ
8B
! + β sin2 θ13 +O(sin4 θ13), (37)

with β ≡ d|Ue2|2
d sin2 θ13

∣∣∣∣
0

=
(f1 − α) + (1 + 2α) sin2 θ!

(1− 2f1)
. (38)

For the current allowed region of the solar parameters, this implies that

|Ue2|2 ≈ sin2 θ
8B
! + (0.53+0.06

−0.04) sin2 θ13, (39)

at the 68% CL, i.e. the three neutrino |Ue2|2 is approximately equal to the sin2 θ
8B
! using a two

neutrino analysis of only the 8B electron neutrino survival probability using the KamLAND’s

δm2
! constraint plus 53% of |Ue3|2 determined, say, by a CHOOZ-like reactor experiment,

see Fig. 7(b).

If a similar analysis is performed for the three neutrino sine squared solar mixing angle

sin2 θ12, the total derivative with respect to sin2 θ13 is simply (β + sin2 θ!). For tan2 θ12 the

total derivative is (β +sin2 θ!)/ cos4 θ!. Alternatively we can turn this discussion inside out

14

3 flavor fractions:
sin

2Θ13

1

2

3

sin
2Θ12

sin
2Θ23

1

"1

1

"1

1

"1

cos ∆ $

NORMAL

Νe ΝΜ ΝΤ

N
eu
tr
in
o
M
as
s
S
q
u
ar
ed

Fractional Flavor Content varying cos ∆

(msol
2

(matm
2

! !sinΘ13

! !sinΘ13

sin
2Θ13

1

2

3

cos ∆ $

1

"1

1

"1

1

"1

sin
2Θ23

sin
2Θ12

INVERTED

(msol
2

(matm
2

! !sinΘ13

! !sinΘ13



extras:


